, a 17-fold increase in the numbers of compounds with nuclear magnetic resonance or MS spectra (from 783 to 13 173) and an increase in both the number of data fields and the number of links to external databases. In addition to these database expansions, a number of improvements to YMDB's web interface and its data visualization tools have been made. These additions and improvements should greatly improve the ease, the speed and the quantity of data that can be extracted, searched or viewed within YMDB. Overall, we believe these improvements should not only improve the understanding of the metabolism of S. cerevisiae, but also allow more in-depth exploration of its extensive metabolic networks, signaling pathways and biochemistry.
INTRODUCTION
Saccharomyces cerevisiae, commonly known as baker's yeast, is a single-celled eukaryote used in biofuel production, winemaking, baking and brewing. In addition to being a cornerstone to several key industries that are collectively worth >$1 trillion/year, this humble microbe is also one of the principal model organisms used in genetics labs around the world. This is because S. cerevisiae can be easily grown, easily manipulated and many of its genes, proteins, cellular structures and signaling pathways resemble those found in the cells of higher eukaryotes. Hundreds of S. cerevisiae strains are known, of which more than 50 have been fully sequenced (1) . The most commonly studied isolate of S. cerevisiae is S288C, a lab derived strain (2) . The S. cerevisiae S288C genome consists of 16 chromosomes with 12 156 677 base pairs encoding for 5885 protein-coding genes, 275 tRNA genes, 140 genes specifying ribosomal RNA and 40 genes for small nuclear RNA molecules (3) . Being one of the most intensively studied organisms on the planet, a number of online S. cerevisiae databases have appeared that archive experimentally measured data on the genetics, the biochemistry and the metabolism of this microbe. Some of the most important yeast databases include the Saccharomyces Genome Database or SGD (4), the MIPS Comprehensive Yeast Genome Database (CYGD) (5) and YeastCyc (6) . More general pathway and metabolism databases such as Reactome (7), MetaCyc (6) and the Kyoto Encyclopedia of Genes and Genomes or KEGG (8) have also annotated detailed metabolic knowledge obtained from S. cerevisiae. Collectively, these resources have recently been used to construct the Yeast 6 consensus yeast metabolic network (9) , which consists of 1888 reactions involving 1458 metabolites and 900 genes.
However, most of today's S. cerevisiae metabolism and pathway databases were designed specifically for systems biology or comparative metabolic network applications. Consequently they are focused on the annotation of water-Nucleic Acids Research, 2017, Vol. 45 , Database issue D441 soluble primary metabolites and the description of primary metabolism in S. cerevisiae. With the rapid growth in metabolomics research around the world and the growing interest in identifying or understanding secondary metabolites, volatiles and lipid-soluble molecules, the need for a different kind of S. cerevisiae database has emerged. In particular, organism-specific metabolomic databases require much more detailed information on primary and secondary metabolites, referential nuclear magnetic resonance (NMR) and MS spectral data, metabolite concentration data, substrate growth conditions, very detailed pathway diagrams and many other features not commonly found in classical pathway databases or metabolic reconstructions (10) . In an effort to address the shortcomings with existing databases and with a goal to create a resource more targeted to the needs of yeast metabolomics, we developed YMDB (11) . The first version of YMDB was well received by the metabolomics community. However, there were still a number of shortcomings to the database that prevented it from being appealing to a broader user community. These included incomplete coverage of the yeast lipidome, limited viewing/searching tools, incomplete referential spectral data and relatively sparse pathway data.
Thanks to a number of recent developments in on-line rendering and viewing of MS and NMR spectra, of complex chemical structures and machine-readable pathways, we have been able to correct some of these previously mentioned shortcomings. Furthermore, we have been able to collect additional data on the chemistry and biochemistry of S. cerevisiae and have been able to incorporate a number of advanced web interface technologies to improve the both the content and the capabilities of YMDB. This manuscript provides a detailed description of the improvements made to the database as well as a point-by-point comparison between the original version of YMDB and the most recent version (YMDB 2.0).
Database updates and enhancements
Major improvements featured in YMDB 2.0 include: (i) significantly increased metabolite coverage, especially for the yeast lipidome; (ii) significant improvements to YMDB's pathways--including the number, the content and viewability; (iii) significantly improved spectral coverage including more experimental (and predicted) spectral data from more analytical platforms along with improved spectral searching and spectral viewing features; (iv) more detailed information on metabolites including their chemical classifications, physical properties, organoleptic features and more comprehensive descriptions; and (v) improvements to the database interface which enhance its ease of use, interactivity and search capabilities. Many of these updates are outlined in Table 1 , where we compare the original version of YMDB with YMDB 2.0. Details for each major improvement are provided below.
Increased metabolite coverage
The original version of YMDB contained 2007 metabolites. While YMDB's coverage of water-soluble primary and secondary yeast metabolites was quite extensive, its coverage of lipid molecules was very minimal, with just 672 lipids. With the growing interest in lipidomics (12) and the improvements in lipid detection technology (13) we decided to undertake a comprehensive update to YMDB's collection of lipids and lipid intermediates. The newly added lipid data in YMDB 2.0 was compiled from a combination of experimental data and known lipid synthesis pathways in yeast. In particular, using the known fatty acid composition reported in yeast (14) , the known lipid species in yeast (14, 15) and the known substrate processing capabilities of yeast lipid synthases (14, 15) , we generated all biochemically expected (feasible) lipid structures and deposited these into YMDB 2.0. This was the same process used in assembling the lipid collections published for ECMDB (10) and HMDB (16) . This process led to the addition of more than 13 000 lipid molecules along with hundreds of new proteins and reactions, particularly those involving phospholipids and lysophospholipids. This also led to the addition of many metabolic intermediates and transport proteins for lipid biosynthesis. While only a portion of these yeast lipids have been identified/quantified experimentally so far, improvements in lipid detection technology will likely lead to most of these being formally identified and/or quantified in the coming years. To help users distinguish between already observed lipids and lipids predicted to exist via biochemical inference, we have added a filter function on the'Browse Metabolites'page for users to select/filter between'Observerd' and 'Expected' metabolites. In addition to expanding the degree of lipidome coverage, we also undertook an effort to substantially improve the quality of the lipid structure renderings. Previously, lipid structure diagrams had a 'squashed bug' appearance due to the random way that standard rendering programs (such as ChemAxon) generated lipid acyl or alkyl chains. As a result we developed Metbuilder, which is able to generate any lipid structure (using SMILES strings or IUPAC names as input) with the appropriate chirality and the degree of symmetry typically seen in textbook lipid diagrams.
In addition to our work on expanding YMDB's lipid coverage, our curation team also worked on scanning existing online S. cerevisiae metabolism databases for recent updates as well as reviewing recent literature on S. cerevisiae metabolism and S. cerevisiae metabolomic studies to identify additional metabolites, enzymes, proteins, transporters and reactions that were newly described or not already in YMDB. This also included the identification of metabolites and proteins involved in metabolite signaling. This work led to the addition of 421 non-lipid metabolites as well as concentration data for another 170 metabolites. Many of the metabolites identified from this literature review include volatile compounds associated with the production of wine and beer. Given the importance of volatiles in defining the flavor and aroma of many foods and drinks, we have also included a new data field in YMDB 2.0, which covers the organoleptic features of 446 yeast metabolites. No doubt, this expanded list of secondary metabolites will require to the identification and generation of many more pathways, reactions and enzyme components--some of which will likely be added to the next release of YMDB. Overall, this effort to expand the metabolite coverage in YMDB led to the addition of 14 035 metabolites and 30 708 reactions in- The decision to include metabolite transport proteins/reactions as well as metabolites and proteins involved in signaling in YMDB 2.0 shows that there has been an important shift in focus within the metabolomics community. Traditionally, metabolites have been viewed as the bricks and mortar of cells, leading to a rather limited focus on their anabolic and catabolic reactions. However, many recent discoveries in metabolite uptake, cell-cell communication (quorum sensing), in cell signaling, in oncometabolism, in onco-immunology and in morphogenesis are pointing to the fact that metabolites play a vital role in defining cellular fate, function and control.
Pathway improvements
The original version of YMDB contained links to just 66 Saccharomyces cerevisiae KEGG pathways. This set of pathways provided coverage for just 37% of the 2007 compounds in YMDB 1.0. While the KEGG database is clearly an exceptional resource, it lacks key information about most aspects of lipid metabolism, metabolite localization, metabolite transport and metabolite signalling. Furthermore, KEGG pathways used in YMDB do not have reciprocal links to the metabolite data contained in YMDB. With the addition of some 13 000 lipids and lipid intermediates to YMDB 2.0 (see above), the need to create yeastspecific pathways became particularly acute. As a result we decided to correct these pathway problems through the creation of a large set of yeast-specific pathways using PathWhiz (17) . Pathwhiz is a web-enabled system that exploits recent advances in JavaScript technology to allow the creation of rich, interactive user interfaces that can be used to display complex detailed, colorful, interactive and machinereadable (SBML, BioPAX, SBGN-ML, PWML) pathway diagrams.
Using PathWhiz we generated a total of 9556 interactive S. cerevisiae metabolic and signaling pathways. This means that nearly every metabolite (80%) in YMDB 2.0 is now linked to a pathway and each element in the pathway is linked either to a compound in YMDB 2.0 or to a protein in UniProt (18) . The pathways have been compiled with information from various sources, such as YeastCyc (6) and other published literature. Each PathWhiz pathway shows detailed data about the cellular and subcellular location of the pathway components, each protein's quartenary structures and cofactors (if known), reaction processes guided by arrows, protein locations within the cell and the metabolite products or reactants. Every pathway has a meaningful title along with a detailed description of the pathway shown in the diagram. These yeast pathways also include transport proteins and transport reactions occurring between the membranes and multiple biological organelles of S. cerevisiae, which are not depicted in any other pathway database.
Each YMDB pathway is viewable through PathWhiz's interactive viewer and each pathway can be displayed as a colored image with explicit metabolite and protein structure depictions, a black and white version or a simplified KEGG-style wire-like pathway with proteins shown as boxes and metabolites as circles (see Figure 1) . Metabolites in every pathway can be recolored to display concentration levels or metabolite locations, and each pathway can be zoomed in and out interactively (similar to a standard Google Maps Viewer). All of the PathWhiz pathways can be downloaded as PNG files, PDF files or even higher resolution SVG files for slide presentations or figures in posters and papers. Note that YMDB users are not expected to edit or annotate the PathWhiz pathways through the PathWhiz viewer. Instead, static PathWhiz pathway images are available by clicking on the thumbnail images found in YMDB. Users can use commercial image manipulation software to annotate these images if they wish.
By trying to generate as many complete and accurate pathway diagrams of S. cerevisiae covering as much of its metabolism as possible, we believe have created a much more solid foundation for understanding S. cerevisiae's biochemistry. In addition to the 9556 PathWhiz pathways, YMDB 2.0 still contains links to the KEGG pathways. As a result, the total number of pathway diagrams in YMDB 2.0 is 28 668 (see Table 1 ).
Enhanced spectral data
Metabolomics is critically dependent on the availability of reference NMR, MS/MS or GC-MS spectral data of pure compounds to facilitate compound identification or quantification. Many metabolomic databases such as Metlin (20) and MassBank (21) as well as significant improvements to the ability to predict MS/MS spectra with programs such as CFM-ID (22) and CFM-EI (23), we decided to take this opportunity to significantly update and upgrade the spectral data in YMDB. In particular, YMDB 2.0 now contains 2711 additional experimental MS, MS/MS and GC/MS spectra and 13 146 predicted (via software such as CFM-ID) MS/MS spectra as well as 1143 predicted (via CFM-EI) GC-MS spectra (Table 1) . A total of 13 153 (82%) metabolites in YMDB 2.0 now have either experimental or predicted MS/MS spectra. In addition, 1166 (7%) metabolites in YMDB 2.0 have either experimental or predicted GC-MS spectra.
The expansion of YMDB 2.0 s spectral coverage was also done in conjunction with efforts to improve the quality and viewability of its reference spectral images. In the original version of YMDB all images of the experimentally acquired NMR spectra were static PNG files. YMDB 2.0 now displays all of its NMR spectra in an interactive JavaScript spectral viewer called JSpectraViewer. Using this on-line viewer all NMR spectra can be interactively zoomed, rescaled or manipulated with a simple click of a button. In addition, views for all of the MS/MS and EI-MS spectra in YMDB 2.0 have been recently regenerated so that they may be viewed as interactive 'stick' images (see Figure 1 ). Many of these updated MS/MS and EI-MS images are also annotated with fragment ion structures so that as the user mouses over the peaks, the predicted fragment ions appear.
Richer data content
The YMDB curation team has developed several in-house tools to automatically gather, annotate, predict and generate metabolites with their appropriate chemical structure. Using a locally developed program called DataWrangler the YMDB curation team validated, re-annotated and corrected every compound in YMDB 2.0. DataWrangler uses the compound name, CAS (Chemical Abstract Service) number or InChi identifier as a starting point to search through dozens of online chemical databases and resources. It also performs a variety of physical property predictions, annotations and 'sanity checks' on each query before compiling a summary of its findings, corrections, predictions and suspected inconsistencies. DataWrangler also captures synonyms, external links for other databases and chemical references thereby allowing for a more comprehensive compound annotation. Using the data generated by DataWrangler, members of the YMDB curation team then manually inspected the results and uploaded the appropriate corrections and/or updates. This work led to 14 766 more synonyms and 8839 more references than the original version of YMDB.
In addition to these data content upgrades we also used a software tool called ClassyFire (accessible at http:// classyfire.wishartlab.com/) to perform a detailed taxonomic classification of all the compounds in YMDB 2.0. ClassyFire uses a structure-based classification algorithm combined with a detailed text description (an ontology) to facilitate and rationalize compound classifications and descriptions. In addition to the taxonomic classification by ClassyFire, all chemicals in YMDB 2.0 were also assigned (where possible) to taxonomic classes provided by ChEBI (24) , KEGG (8, 25) , MetaCyc (6) or LIPID MAPS (26) . The use of a standardized chemical taxonomy/ontology allows one to more readily compare, cluster or describe groups of metabolites. It also helps in compound identification and in a variety of machine learning applications in cheminformatics.
Improved user interface
A number of improvements to YMDB's user interface to enhance YMDB 2.0 s responsiveness, query speed and easeof-use. For instance, we used a number of code changes to accelerate the NMR, GC-MS and MS/MS spectral search speeds by up to 500× over the original version. The use of JavaScript tools to display NMR spectra, MS/MS and GC-MS spectra as well as the PathWhiz pathway image data has also made for a much more colorful and interactive viewing experience. YMDB's text searches have been modified to support Elasticsearch thereby allowing 'approximate' text queries where typographical errors and mis-spellings are both tolerated and properly re-interpreted. YMDB 2.0 also exploits of a number of recent improvements to web-based tools, frameworks and caching systems to make the website more user friendly and responsive. YMDB 2.0 s design is inspired by the Twitter Bootstrap framework. This makes for much easier navigation and a more appealing user experience. YMDB 2.0 also uses Redis-based caching that makes the loading of compounds, protein reactions and pathways very fast with wait times for page refreshes being reduced by a factor of four or more. Each YMDB compound view page now includes a jumptab (the row of buttons on top of a compound annotation page) that allows users to quickly jump to specific data fields. In addition to these jump-tabs we have also added filters to the 'Browse Compounds' page. These filters allow for the rapid selection of a more specialized list of compounds according to the user's needs.
In addition to the many enhancements to the user interface, we also improved YMDB's data accessibility. Each compound annotation page has an 'XML' button that when clicked will display all the compound's annotations in XML format. Individual pages or the entire YMDB 2.0 database may be downloaded as an XML-formatted file. For those who prefer a simpler or less verbose data format, all of the data in YMDB 2.0 can also be viewed or downloaded in the more compact 'JSON' format. To further facilitate downloading, the entire YMDB database is now downloadable via 'HTTP Get' access. This allows users to easily download all of the YMDB 2.0 data including concentration information, chemical classification data, synonyms, spectral data and structural data.
Nucleic Acids Research, 2017, Vol. 45 , Database issue D445 CONCLUSION YMDB 2.0 represents a substantial improvement to the original version of YMDB. The most significant enhancement has been the enormous increase (7×) in the number of compounds in the database. This expansion led to a 435-fold increase in the number of metabolic pathway diagrams (from 66 to 28 734) now housed in the database. These pathways now cover almost all aspects of S. cerevisiae metabolism as well as many aspects of S. cerevisiae's metabolite signalling and metabolite transport activities. Compared to other resources such as KEGG (with 72 S. cerevisiae-specific pathways) or YeastCyc (with 287 S. cerevisiae-specific pathways), YMDB 2.0 with its 9595 metabolic and signalling pathways now provides the most complete and comprehensive metabolic pathway collection for S. cerevisiae.
Many other important improvements were also implemented into YMDB 2.0. These include a 17-fold increase in the number of compounds linked to pathways (from 742 to 12 733), a significant increase in the quantity of NMR and MS spectra (from 2484 to 15 060) and a notable increase in the number of data fields and the number of types of external links to other S. cerevisiae or chemical resources. These additions, along with user interface enhancements allow for an improved speed in querying, searching and viewing data in YMDB 2.0. The improvements should also encourage a more in-depth exploration and understanding of S. cerevisiae's extensive metabolic networks, its signaling pathways and its essential biochemistry.
